The obstructive sleep apnea (OSA), a worldwide sleep breathing disorder that affect 9% of women and 24% of adult men, 1 is an independent risk factor for systemic hypertension and stroke and is associated with atrial arrhythmogenesis. [2] [3][4][5][6] Chronic intermittent hypoxia (CIH), which is the principal feature of OSA, is considered the main factor for the hypertension.
enhances CB chemosensory discharge in normoxia and in response to hypoxia. 12, 19, [23] [24] [25] Furthermore, it has been shown that arterial blood pressure (BP) rapidly increases after 3 to 4 days after CIH exposure, 14, [26] [27] [28] which is consistent with the time required to potentiate the neural discharges from the CB chemoreceptor during CIH . 19, 24 Despite all the advances related to the contribution of CB chemoreception to the cardiovascular consequences of CIH, there are no studies showing the role played by the CB chemoreflex once the hypertensive phenotype has become expressed because of CIH exposure. It is worth noting that it is fundamental from a translational perspective because in previous studies performed by Fletcher et al, 20 the CBs were removed before the start of CIH and, therefore, before the development of systemic hypertension.
Taken together, the available evidence suggests that CIHinduced hypertension is associated with an enhanced CB chemosensory drive. However, there is no study available intended to proof causality on the role played by the CB on the development of autonomic imbalance, cardiac arrhythmogenesis, and hypertension during exposure to CIH. Accordingly, the aim of the study was to determine whether the CB is essential on the progression of cardiovascular pathophysiology in OSA. Thus, to determine the causal contribution of the CB to the cardiovascular alterations resulting from CIH exposure, we tested whether the withdrawal of the CB chemosensory inputs to the brainstem may restore the altered cardiorespiratory and autonomic balance and finally normalize arterial BP in conscious rat exposed to CIH. Furthermore, we studied the effects of CB ablation (CBA) on the increased cardiac arrhythmogenesis and extracellular matrix (ECM) remodeling in cardiac atrial tissue from rats exposed to CIH.
Methods
Experiments were performed on 22 male Sprague-Dawley rats (247.0±7.6 g) fed with standard diet ad libitum and kept on a 12-hour light/dark schedule. The protocol was approved by the Bioethical Committee of the Facultad de Ciencias Biológicas, Pontificia Universidad Católica de Chile, and was conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Experimental Protocol
Rats underwent BP radiotelemetry implantation and 7 days postrecovery were housed in individual chambers and exposed to Sham conditions for 7 days and then to CIH as previously described. 7, 19, 24, 29 At day 21 of CIH, bilateral CB ablation was performed and rats were kept in CIH for 7 more days ( Figure S1 in the online-only Data Supplement).
Selective CB Ablation
The CBs were cryogenically ablated as previously described [30] [31] [32] ( Figure S2 ).
Cardiorespiratory Recordings
Arterial BP and HR measurements were performed in conscious rats as previously described. 28, 29 Tidal volume (V T ), respiratory frequency (f R ), and minute volume (V I ) were determined by unrestrained wholebody plethysmography. Peripheral chemoreflex drive was evaluated as previously described.
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Baroreflex Sensitivity
Spontaneous baroreflex sensitivity (BRS) was measured by the sequence method. 13, 30 In addition, intravenous infusion of phenylephrine (25 µg/kg) and sodium nitroprusside (50 µg/kg) was used to fully determine the cardiac baroreflex function.
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Cardiac Autonomic Balance
HRV was used to assess autonomic balance as previously described. 12, 13, 19, 30 In addition, we studied the effects of the β-adrenergic and cholinergic receptors blockers on resting HR to determine the sympathovagal control to the heart.
Cardiac Arrhythmias
Arrhythmias were visually inspected and scored as previously described .
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ECM Remodeling
Hearts were harvested from anesthetized rats to determine the ECM fibrotic index, metalloproteinase-2 (MMP-2), and MMP-2 inhibitor (TIMP-2) protein expression.
Systemic Oxidative Stress
Plasma thiobarbituric acid reactive substances were used as a systemic oxidative stress marker.
19,24
Data Analysis and Statistics
Statistical analysis was performed using GraphPad Prism 6.0 (La Jolla, CA). Data were analyzed using both repeated measures ANOVA and nonrepeated measures ANOVA as needed, followed by proper post hoc analysis. Data were expressed as mean±SEM.
Results
CIH increased mean arterial BP by ≈10 mm Hg in 4 days, which remained elevated during the CIH exposure ( Figure 1A ). At day 21 of CIH, mean arterial BP was significantly increased compared with the Sham condition (109.8±2.3 versus 99.9±1.8 mm Hg, CIH versus Sham, respectively; P≤0.01, Figure 1C ). The increment of mean arterial BP during CIH was because of an elevation of systolic and diastolic arterial BP (Table 1) . Remarkably, when performed in hypertensive rats, CBA promptly reduced BP toward the values observed in Sham condition (Figure 1A through 1C; Table 1 ). No differences in resting HR were observed among the experimental conditions ( Figure 1D ). CIH increased systemic oxidative stress, but CBA did not reduce the elevated MDA plasma levels ( Figure S3 ).
Resting ventilatory variables measured in normoxia are shown in Table 1 . Tidal volume (V T ) was higher during CIH compared with the Sham condition (0.55±0.02 versus 0.48±0.02 mL, CIH versus Sham, respectively; P≤0.001), but no changes in respiratory frequency (f R ) was observed along the experimental conditions. During acute hypoxic challenges (F i O 2 10%), minute ventilation (V I ) was markedly elevated in CIH compared with the Sham mainly because of an increase in V T , but not in f R (Figure 2B through 2D) . Ablation of the CBs significantly reduced the enhanced hypoxic ventilatory response induced by exposure CIH (Figure 2 ).
Spontaneous BRS, assessed longitudinally in rats exposed to Sham conditions followed by 21 days of CIH, showed that BRS was being progressively reduced by CIH ( Figure 3A and 3B). In the same group of animals, CBA markedly improved BRS (1.6±0.1 versus -2.5±0.1 mm Hg/ms, CIH versus CBA+CIH, respectively; P≤0.01). In addition, in a subset of rats, we studied the effects of intravenous infusions of phenylephrine (25 µg/kg) and sodium nitroprusside (50 µg/kg) to fully determine the cardiac arm of the baroreflex control (Figure 3C and 3D; Table 2 ). We found that exposure to CIH increased the BP midpoint and reduced the overall gain (P≤0.01) of the ΔHR/ΔBP curve when compared with the Sham condition. CBA produced a resetting of the midpoint-operating pressure toward Sham values (111.5±5.6 versus 102.1±1.7 mm Hg, CIH versus CIH+CBA, respectively; P≤0.01), but it did not restore the gain (4.5±0.9 versus 5.4±1.9 beats/mm Hg, CIH versus CIH+CBA, respectively; P>0.05).
HRV showed a progressive increase of the low/high frequency ratio during CIH compared with the Sham condition, whereas the ablation of the CBs promptly restored the normal low/high frequency ratio values ( Figure 4A and 4B). Intravenous infusion of atropine (1 mg/kg) and propranolol (1 mg/kg) to assess changes in HR associated with sympathovagal control showed that cardiac autonomic balance was shifted toward sympathetic predominance during CIH, and that CBA markedly reduced the enhanced cardiac sympathetic tone ( Figure 4C ). Although some degree of parasympathetic withdrawal occurs in CIH ( Figure 4D ), the ablation of the CBs did not significantly improve the parasympathetic modulation of the heart (ΔHR after atropine 40.5±10.9 versus 30.8±3.6 bpm, CIH versus CIH+CBA, respectively; P≥0.05). In addition, the low-frequency component of the systolic arterial BP variability, an indirect measure of sympathomotor tone, was reduced by CBA ( Figure S3 Figure S5 ). Despite ECM remodeling during CIH, increased susceptibility to cardiac arrhythmias is critically dependent on the enhanced cardiac sympathetic modulation because administration of propranolol (1 mg/kg IV) normalized the arrhythmia index to the values observed in Sham conditions ( Figure 5C ). CBA markedly reduced the number of cardiac arrhythmias, despite that rats continue to be exposed to CIH ( Figure 5A and 5B). No significant changes in atrium fibrosis, MMP-2, and TIMP-2 levels were found in atrial tissue from rats that underwent CBA ( Figure 5 ; Figure S5 ). Therefore, the beneficial effect of CBA on CIH-induced cardiac arrhythmias seems to be related to the normalization of cardiac autonomic balance.
Discussion
Our results confirm that the CB plays a crucial role in the progression and maintenance of the autonomic alterations and the hypertension induced by CIH in rats. CBA markedly reduced the elevated BP and restored the cardiorespiratory and autonomic balance, suggesting that the maintenance of the hypertension after CIH is critically dependent on the cyclic hypoxic stimulation of the CB chemoreflex. In addition, present results show that systemic oxidative stress persisted after CBA, but the elevated BP returned to normal values in rats that underwent CBA. Therefore, our results provide compelling evidence showing that the CB is required for the development of hypertension during CIH, despite the increases in systemic oxidative stress. Autonomic dysfunction has been proposed as a mechanism involved in the generation of high BP in patients with OSA and animals exposed to CIH. Cyclic episodic hypoxicreoxygenation in patients with OSA enhances the ventilatory, cardiovascular, and sympathetic responses to hypoxia . 16, 17, 36, 37 Similarly, animal exposed to CIH show sympathetic hyperactivity and develop systemic hypertension. [8] [9] [10] 13, 18, 19, 38 The autonomic dysfunction is associated with a reduction of BRS and changes in HRV in patients with OSA 37,39 and animals exposed to CIH. 9, [12] [13] [14] 40, 41 Interaction of chemo-and baroreflexes plays a main role in the cardiorespiratory and autonomic homeostasis. It is well known that hypoxic chemoreflex activation evokes baroreflex inhibition attributed to central nervous system modulation at the level of the nucleus of the solitary tract. 42, 43 The hypertension induced by CIH is associated with reduced BRS efficiency in adult animals exposed to CIH for 1 to 3 months, 9, [11] [12] [13] [14] 40, 41, 44 but other studies performed in juvenile rats have shown that juvenile rats exposed to CIH for 15 days showed an increased cardiac baroreflex gain associated with a rightward shift on the operating point to higher pressures, as related to control rats. 38 Zoccal et al 38 proposed that the sympathetic-mediated hypertension is not secondary to a reduction in cardiac baroreflex gain, but to an enhanced respiratory-sympathetic coupling. As abovementioned, previous studies performed in adult rats 9,44 exposed to CIH clearly evidenced a significant impairment of the cardiac baroreflex. The main differences among these studies are the age of the animals and the duration of the CIH exposure. Indeed, the cardiac baroreflex control of juvenile rats seems to be less affected by CIH exposure. Indeed, in juvenile rats exposed to CIH for 10 days, the development of hypertension seems not to be related to alterations on the cardiac baroreflex gain. Our results showed that BRS is progressively reduced by CIH. Moreover, CIH produced a significant elevation of the BP midpoint and a marked reduction of the operative range and the gain (Figure 3) , which are partially recovered after CBA. A reduced baroreflex gain secondary to the increase BP during CIH may contribute to the further deterioration of the neural reflex control of BP. It is likely that the enhanced CB chemoreflex impair the central baroreflex response to the elevated BP. Our results suggest that repetitive activation of the peripheral CB-mediated hypoxic chemoreflex drive during CIH results in alterations of the baroreflex control. Nevertheless, we cannot rule out that exposure to CIH per se may also reduce BRS and reset the baroreflex midpoint to operate at a higher BP level. Further studies are needed to prove that CB chemoreceptor potentiation leads to baroreflex impairment after CIH.
Present results showing that mean arterial BP increased ≈10 mm Hg in 4 days after the beginning of CIH, agree with previous observations performed in conscious rats.
14,26-28 A fast increment of BP in response to CIH, which occurs in few days, is difficult to attribute simply to vascular remodeling. It is likely that this hypertensive response is caused by a higher sympathetic vasoconstrictor tone to the blood vessels because of the enhanced CB chemosensory drive. Indeed, the time course of the BP elevation is consistent with the time required by CIH to significantly enhance CB chemosensory output. 19, 24, 29 Compatible with this interpretation, we previously found that external carotid arteries segments harvested from rats exposed to CIH for 21 days, present moderate increases in the contractile responses to KCl and reduced NO-dependent relaxation induced by acetylcholine. 45 Thus, it is plausible that more pronounced vascular changes may take place if CIH is prolonged for >28 days. We cannot preclude that the relative contribution of the CB to the hypertension will be diminish if the CIH stimulus is maintained for 2 to 3 more weeks, whereas the contribution of the vascular compartment may increase.
Our results support the idea that CB is involved in the onset and progression of the hypertension in patients with OSA. Indeed, it has been shown that patients with OSA display enhanced cardiorespiratory and sympathetic responses to hypoxia, suggesting the presence of an augmented CB chemoreflex drive. 16, 17 Animals exposed to CIH show similar enhanced hypoxic ventilatory responses to acute hypo xia. 7, 12, 13, 19, 24, 25, 46 Furthermore, recording of CB chemosensory discharges have confirmed that CIH produces longterm facilitation of the CB chemosensory responses to hypoxia. Exposure of rats and cats to intermittent hypoxia for few days increases the basal CB discharges measured in normoxia and enhances the chemosensory responses to hypoxia. 7, 12, 19, 23, 24 Recently, new experimental evidence has shown that the CB is involved in several sympathetic-mediated diseases. 7, [47] [48] [49] [50] [51] The selective ablation of the CB reduced BP in spontaneous hypertensive rats, 50 reduced sympathetic hyperactivation, improved survival in heart failure experimental models , 30, 52 and prevented the development of hypertension and insulin resistance in rats fed with a highfat diet. 51 Thus, it is possible that the ablation of the CB will improve cardiovascular control in OSA. However, there is no available clinical information showing the effects of CB denervation in patients with OSA. OSA is characterized by the repeated episodes of airflow detention during sleep produced by the upper airway collapse, eliciting intermittent hypoxia, hypercapnia, negative intrathoraxic pressure, sleep fragmentation, and microarousal. During apnea, hypoxia and hypercapnia stimulate the CB chemoreceptor eliciting acute ventilatory, sympathetic, and hypertensive responses but also contributes to the microarrousal. 3, 4 Therefore, future studies addressing the effects of CBA on CIH-induced arousals are needed.
Cardiac arrhythmogenesis is increased in patients with OSA. [4] [5] [6] It has been shown that activation of the sympathetic nervous system and changes in cardiac ECM are both associated with poor cardiac rhythm maintenance. 5, 53 In this study, we show that rats exposed to CIH displayed increases in arrhythmia incidence and fibrosis in the atrial tissue. Remarkably, we found for the first time that the CB plays a pivotal role in the development of CIH-induced cardiac arrhythmias. The complete molecular pathways involved on the effects of CBA on cardiac arrhythmias remain to be elucidated. Nevertheless, we may speculate that the effects of CBA are likely due, at least in part, to the restoration of cardiac autonomic balance. Indeed, rats exposed to CIH and treated with propranolol showed a similar number of arrhythmic events compared with the rats that underwent CBA. Interestingly, we found that CBA did not reduce cardiac fibrosis during CIH exposure. Indeed, we found that rats exposed to CIH that underwent CBA displayed similar degrees of cardiac fibrosis and expression of MMP-2 compared with CIH rats. Therefore, our results suggest that cardiac ECM remodeling is not primary involved in cardiac arrhythmogenesis induced by 28 days of CIH. Cardiac remodeling is a time-dependent process that occurs early in response to several cardiac stressors. Moreover, ECM remodeling has been shown to be a dynamic Figure 5 . Bilateral carotid body ablation (CBA) reduced chronic intermittent hypoxia (CIH)-induced cardiac arrhythmias. A, Representative recordings of heart rate (HR) tachograms obtained in the same rat at day 7 of Sham condition, day 28 of CIH condition, and day 36 after CIH+CBA. Bilateral CBA markedly reduced the number of arrhythmic events during CIH. B, Summary of the effects of CIH and CIH+CBA on arrhythmia index (events/h). C, Comparison of the effect of sympathetic blockade with propranolol (1 mg/kg IV) and CBA on the incidence of arrhythmic episodes during CIH. Note that bilateral CBA significantly reduced the arrhythmic events to the same extent compared with sympathetic blockade. D, Representative images showing Masson trichrome staining in the heart atrium from 1 Sham rat, 1 CIH rat, and 1 CIH+CBA rat. Note that CBA did not change atrium fibrosis induced by CIH exposure. E, Summary of the effects of CIH and CIH+CBA on atrium tissue fibrosis. F, Western blot of metalloproteinase-2 (MMP-2). The MMP-2 levels trend to be reduced in CIH but did not reach statistical significance (P>0.05). Bilateral CBA did not change the level of MMP-2 during CIH. *P<0.001 vs Sham; +P<0.001 vs CIH, Tukey test after 1-way ANOVA. A and B, n=6 rats. C to F, n=4 rats. by guest on May 9, 2017 http://hyper.ahajournals.org/ Downloaded from continuous process that is involved in cardiac function maintenance and arrhythmogenesis.
53,54 Then, it is plausible that ECM remodeling could contribute to cardiac function deterioration in the long term during CIH exposure. Indeed, it has been shown that patients with OSA displayed an impaired cardiac function compared with healthy subject.
53,55 Then we cannot rule out that cardiac fibrosis and ECM remodeling may play a role in cardiac arrhythmogenesis in long-term exposure to CIH. Future studies will be needed to address the contribution of cardiac remodeling in the development of cardiac arrhythmias in OSA.
Perspectives
The role played by the CB in the development and progression of the hypertension induced by OSA is a fundamental unanswered question. Present results support a main role for peripheral CB chemoreceptors in the context of OSAinduced autonomic dysfunction and hypertension. The intermittent hypoxic episodes enhance the CB responsiveness to hypoxia, which in turn potentiates the ventilatory and sympathetic responses to hypoxia, alters BRS and HRV, leading to the hypertension. Moreover, our results demonstrate that the CB plays a pivotal role in the development of CIH-induced cardiac arrhythmias. The CB has been involved in several human sympathetic-mediated diseases, and the denervation or selective ablation of the CBs has been proposed as a feasible clinical treatment for severe and resistant hypertension in humans 49, 50 and cardiovascular consequences of heart failure. 30 Thus, it is possible that the modulation of the enhanced CB function will be of therapeutic value to develop new treatments intended to improve the cardiovascular consequences of OSA.
We previously reported that CIH induced local and systemic oxidative stress and that increase in reactive oxygen species in the CB is the key component on CB potentiation after CIH exposure. 7, 19, 24, 25 We found that CIH induced a reactive oxygen species-dependent increases of tumor necrosis factor-α and interleukin-1β in the CB, suggesting that these proinflammatory cytokines may mediate the reactive oxygen species-induced CB potentiation. 24 Accordingly, we studied the effects of ibuprofen on the increased tumor necrosis factor-α and interleukin-1β levels in the rat CB, the potentiation of CB chemosensory, and the hypertension. 24 Ibuprofen treatment, that prevents the CB cytokines upregulation and the hypertension, failed to prevent the CB chemosensory potentiation, but it reduces the c-fos-labeled neurons in the nucleus of the tractus solitary (NTS) of rats exposed to CIH. Thus, actions of cytokines on the arterial BP in rats exposed to CIH may occur in multiple sites, including the NTS. Waki et al 56 found that abnormal expression of proinflammatory genes as the junctional adhesion molecule 1 are highly expressed in the NTS of spontaneously hypertensive rats and elicits leukocyte accumulation within the vasculature in the NTS. Accordingly, they proposed that cytokines and chemokines might contribute to increase the arterial BP by increasing the neuronal activity in the NTS of spontaneous hypertensive rats. Our results showing that ibuprofen reduced the c-fos immunoreactivity in NTS neurons support a novel role for inflammation in the hypertension induced by CIH. Recently, McBryde et al 49 found that carotid sinus denervation in spontaneous hypertensive rats reduced CD3+ cells in single-cell suspensions of whole-brain stem homogenates, suggesting that CB denervation can reduce T-cellmediated infiltration of tissue, which is associated with several forms of hypertension. Thus, the ablation of the CBs, which improve rat survival in heart failure 30 and prevent the development of insulin resistance and hypertension in rats fed with high fructose diet, 51 has been proposed for the treatment of severe and resistant hypertension in humans. 49, 50 Our findings indicate that CB ablation is an effective means for robust and sustained sympathoinhibition, which could translate to patients with neurogenic hypertension. What Is New?
• Using selective elimination of the carotid body (CBs) in rats with chronic intermittent hypoxia-induced hypertension, we unveiled the pivotal role played by these chemoreceptors in the maintenance of autonomic imbalance, cardiac arrhythmias, and increase arterial blood pressure because ablation of the CBs markedly normalized autonomic balance and baroreflex control of heart rate, reduced cardiac arrhythmogenesis, and finally significantly reduced arterial blood pressure.
What Is Relevant?
• Episodic intermittent hypoxia exposure during obstructive sleep apnea leads to systemic hypertension, autonomic imbalance, and increased the number of cardiac arrhythmias. Although it is well accepted that oxidative stress partially contributes to cardiac, hemodynamic, and ventilatory alterations in sleep apnea, the role of the oxygen-sensitive CB chemoreceptors in the progression of hemodynamic disturbances remains unsolved.
Summary
We aimed to determine whether withdrawal of the CB chemosensory afferents in chronic intermittent hypoxia-hypertensive rats restored the altered cardiorespiratory, autonomic balance, and reversed the hypertension in conscious rats. We found that ablation of the CB in chronic intermittent hypoxia-induced hypertensive rats normalized arterial blood pressure, autonomic balance, and cardiac baroreflex function but did not reduce the systemic oxidative stress. In addition, CB ablation reduced the number of cardiac arrhythmias without affecting atrial extracellular matrix remodeling, suggesting that the reduction of cardiac arrhythmias was related to the improvement in cardiac autonomic balance. Exposure to CIH did not change the expression of TIMP-2 on cardiac atrial tissue. Ablation of the CB (CBA) during CIH tends to increase TIMP-2 expression but this did not reach statistical significance. Tukey post hoc test after One-way ANOVA. n=4 rats.
